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Abstract
A study has been conducted in the areas of polarization modulation and splicing
techniques for a polarization maintaining PANDA type fiber. Polarization modulationwas
achieved by compressing the fiber both along the fast and slow axes. A sensitivity of 16.69
rad/(g/um) and 27.56 rad/(g/um), corresponding to a maximum phase diffrerence of 2.39
radians and 3.96 radians for compressing along the x and y birefringent axis, respectively,
was achieved, with the compression material complying to a 15 degree arc around the fiber
circumference. Polarization cross coupling was measured to be 0.6% for compressing with
a force of 1.3 g/um. Polarization cross coupling curves were derived in terms of error in
angle of applied force and polarization mode coupling alignment at the fiber input. Finite
element analysis was successfully used to predict the birefringence change of the polarization
modulator. Also presented are methods to improve the fiber end face perpendicularity in
preparation for splicing. Two methods are proposed for detennining fiber end inclination
angle with accuracy of 0.03 and 0.09 degrees. Fiber ends were prepared with inclination
angles less 0.3 degrees.
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Polarization Modulation
1.1 Introduction
Singlemode optical fibers, which actually support two orthogonally polarized modes
simultaneously, do not normally preserve the polarization state of the light propagating along
the fiber. Ideally, in a circular core fiber, these two modes propagate with the same phase
velocity. However, real fibers are not perfectly symmetric. The result of this geometric
anisotropy in the fiber is that the two modes propagate with slightly different phase velocities.
Other factors caused by the environment, such as bending, twisting, or squeezing the fiber as
well as temperature changes can cause anisotropic stress in the fiber. This stress changes the
refractive indices of the core (due to the photoelastic effect) seen by the modes polarized
along the principal axes of the fiber, resulting in an additional birefringence. The above
mentioned geometrical and environmental effects also cause energy to be coupled from one
polarizedmode to the other. Since bothmodes propagate with different group velocities, the
coupling between the two modes causes polarization mode dispersion or depolarization of the
guided light. In addition, since bothmodes propagatewith different phase velocities, the state
of polarization of the output light is affected. Many applications such as coherent optical
transmission systems, coupling to integrated optical circuits, and high grade fiber sensors such
as fiber optic gyroscopes rely on the polarization state of the light, both along the fiber and
at its output. In these cases, control of the polarization state is important. The solution to
the above problems was the development of the polarization maintaining (PM) fiber which
can preserve the optical wave amplitude in a particular polarization state to a relatively high
degree over large distances.
1.1.1 Polarization Maintaining Fibers
Polarization maintaining fibers can be classified in two categories, fibers of low
birefringence and fibers of high birefringence. Very low birefringent fibers have been
fabricated by carefully preserving the geometrical circular symmetry of the fiber cross section
and selecting the fiber dopant materials so as to minimize transverse stresses in the fiber [1].
Birefringence as low as 4.3 x
10"9
has been achieved [2]. In the low birefringent fibers a linear
polarizationwave and a circular polarization wave can be propagated with small polarization
dispersion. However, the polarization state is highly sensitive to external forces [3]. As a
result, low birefringent fibers have the most potential in environments where the externally
induced birefringence can be kept small. In highly stabilized environments, for example the
submarine, low birefringent fibers have been used for long span coherent optical transmission
systems by attaching a polarization state controller at the output end of the fiber. In many
cases, the externally induced birefringence can not be kept to very low values, particularly
over long lengths and high birefringence fibers are more appropriate for preserving the
polarization.
In high birefringent fibers, the linear polarization state is forcibly maintained by
deliberately enhancing the birefringentmechanisms mentioned above and creating an intrinsic
birefringencewhich greatly exceeds the environmentally induced birefringence. Considerable
development has been done is this area. The most common fibers are mentioned here.
Included in themost common high birefringent fibers are the elliptical core fibers which have
an elliptical core embedded in a circular cladding. The elliptical core of such fibers creates
both geometrical anisotropy as well as asymmetrical stress in the core. The birefringence of
these fibers is reported to be 8.4 x
10"4
[4]. Side pit and side tunnel fibers are also among the
list [5], [6]. Birefringence in these fibers is obtained by introducing a geometrical anisotropy
in the core. The fiber core consists oftwo pits of lower refractive index (for side tunnel fibers
the pit index is 1) on either side ofthe central core. Thus the fiber has aW-type index profile
along the direction containing the pits. Birefringence for side pit and side tunnel fibers is
found to be 5 x
10"5
and 10 x 10'5, respectively. Although the elliptical core fiber has higher
birefringence compared to the side pit and side tunnel fibers, they are reported to have high
optical losses, possibly due to the large refractive index difference and imperfection of the
core shape [7], [8]. Amore effectivemethod ofobtaining high birefringence in optical fibers
while maintaining low loss is to introduce an asymmetric stress within the core of the fiber.
The required stress is obtained, in one method, by introducing two identical stress applying
parts centered on a diameter, one on each side of the core. The SAP's have different thermal
expansion coefficients than that ofthe cladding material and therefore an asymmetrical stress
is applied on the fiber core after it is drawn from the preform and cooled down. The most
common fibers using this technique are the bow tie fibers named after the shape of the SAP's
[9], [10], and PANDA (Polarization-maintaining AND Absorption reducing) fibers, with
circular SAP's [1 1], [12], [13]. The highest achieved modal birefringence are reported to be
4.8 X
10"4
for the bow tie fiber and 5.9 X lO^for the PANDA fiber. Another successful
approach to low loss high birefringence fiberswas to achieve the stress effect by introducing
an elliptical cladding region around the circular core [14]. Modal birefringence for elliptical
cladding fibers is reported to be 7.2 x 10"4. In addition to the high birefringence exhibited,
fiberswith the stress effect have been shown to exhibit low optical losses and low cross talk
[15] by setting a buffer layer between the core and the stress applying parts.
1.1.2 Characterization ofPolarization Maintaining Fibers
The polarization holding capacity of a birefringent fiber is measured in terms of its





where, px and Py represent the propagation constants of the two orthogonally polarized
modes, and B is themodal birefringence of the fiber. The modal birefringence represents the
difference between the effective indices seen by the two polarized modes at wavelength, k.
A lower value ofLpmeans a higher value of(Px-py) and therefore corresponds to a fiberwith
a high polarization holding capacity. Physically, Lp represents the distance along the fiber
overwhich the phase difference between the two fundamental modes changes by 2rc . Thus
iflight is coupled to both fundamentalmodes of such a fiber, the state ofpolarizationwill be
repeated every time after the light travels a distance, Lp, along the fiber.
Cross talk is another important parameter of a PM fiber and indicates its practical
polarization holding capacity. It is a measure of the power coupled to the orthogonal
polarizationmode due to random coupling along the fiberwhen power is launched into one
of the polarized modes at the input end. If Px represents the power launched into the x
polarized mode at the input end and Py represents the power detected in the y polarized mode




Coupling between the two orthogonally polarized modes of a PM fiber is also measured in
terms of the mode coupling parameter, h, which is defined as
=tan(W) (3)
Pv
where 1 is the length of the fiber. Conventional PM fibers have polarizationmaintenance or
cross talk around -30 db/km. Cross talk may be due to other optical components in the
system, for example, residual birefringence existing in the lenses [16], or imperfections in the
polarizer. Cross talk can be reduced using stress free optical components and high quality
polarizers in the system. Cladding modes in short PM fibers is another cause of cross talk
[17] and can be solved by coating the fiber with a lossy material. Cross talk is ultimately
limited by Rayleigh scattering, [18], [19]. The theoretical limit of the cross talk in PM fibers
is -48db at 1 km length, with the fiber having a loss of 1 db/km at wavelength of 1 .3 um and
a refractive index difference of0.003 [20].
1.1.3 Mechanisms for BirefringenceModulation in Polarization Maintaining Fibers
Due to various manufacturing techniques, different commercial high birefringent
polarization maintaining fibers have rather diverse propagation properties when they are
affected by external perturbations such as temperature, strain, bending, and pressure. In order
to improve the system properties in some applications, more study and comparison of these
fibers are needed. Considerable research effort has been given to identifying the various
birefringence mechanisms that can exist or be induced in a fiber which would affect the
polarization state of the guided light. For example, fibers have been pressed in a V-groove
[21], squeezed between two plates [22], [23], [24], subjected to bending [25], [26], and
stretching, and exposed to temperature changes [27]. Analytical methods have been derived
for calculation of thermal stresses in clad fibers [28] and PM fibers [29]. Intrinsic
birefringence has been determined analytically for PM fibers, [30]. Finite element analysis
was used to determine stress in PM fibers (not including PANDA) subjected to a point force
[31]. However, the literature thus far does not include a study of the PANDA fiber subjected
to different types of squeezing. For example, it is not known what happens to the
birefringence and average refractive indexwhen the fiber is squeezed withmaterials having
different hardness, or what effect squeezing the fiber along the fast axis has as opposed to
squeezing along the slow axis, orwhether the average refractive index remains constant under
any of these squeezing conditions.
The purpose of this thesis is to present some experimental data on the performance
of a polarization modulator using various compressive forces on a PANDA fiber and to
evaluate the performance relative to methods presented in the current literature.
Birefringence and change in average refractive index are determined using finite element
analysis and validated experimentally for different load cases. The load cases include
squeezing along the fast and slow axiswithmaterials ofdifferent hardness. The effect on the
polarizationmodulation is compared to that achieved by stretching the fiber and by subjecting
the fiber to a temperature change, as reported in the current literature.
1.1.4 Applications of a Polarization Modulator
Many fiber optic instruments utilizing the polarizationmodulation of light propagating
along optical fibers have been reported. These devices include fiber optic pressure sensors,
data highways, light frequencymodulators, phasemodulators, and resonator stabilizers which
are discussed inmore detail below.
Fiber-optic Pressure Sensing: Ultrasound sensors are widely used in ultrasonic
nondestructive evaluation ofmaterials. Typical applications are acoustic emission sensing,
pulse echo monitoring, and measurement of ultrasound velocity and attenuation.
Piezoelectric devices are themost popular ultrasound sensors. Although they are rugged and
sensitive, they have a number of limitations. For example, their frequency response is
distorted by the mechanical resonances of the crystal, they are subject to electromagnetic
interference, and acoustic coupling to nonflat surfaces is difficult.
Limitations of conventional acoustic sensors in the low to medium frequency range
have been overcome in recent years by the development of fiber optic hydrophones. Several
interferometric as well as noninterferometric configurations have been considered. The
noninterferometric configurations have the advantage ofbeing less sensitive to environmental
perturbations and of requiring a simpler optical system.
In resent studies [32], fiber optic techniques were presented as a means ofultrasound
sensing in the megahertz range for the evaluation of solid materials. A noninterferometric
configuration was presented where a short length of the fiber is compressed against the
surface of the material to be tested. A surface or bulk acoustic wave, whose wavelength
projected on the surface is longer than the sensing length of the fiber, produces a pressure
fluctuationwithin the fiber. Two mechanismswere used for the conversion of this pressure
fluctuation into a modulation of the light intensity transmitted by the fiber. In the first case,
birefringence produced by the transverse stress generates a rotation of the beam's polarization
which is converted into an intensitymodulation by an analyzer placed in front of the detector.
The second approach uses a fiberwhose cladding has a higher compressibility than the core,
such as a silica-plastics fiber. Under compression, the refractive index of the plastic cladding
increases at a higher rate than the refractive index of the silica core. This results in an
increase of the critical angle at the core-cladding interface resulting in a loss ofpart of the
light beam transmitted by the fiber's core. Comparing the two intensity modulation
mechanisms for fiber optic ultrasound detection, the birefringence based mechanism had a
larger sensitivity for a given light intensity. The sensitivity of the second method could be
increased by choosing a silica-plastics fiber of smaller aperture. The main interests of these
techniques are the small sensing surface, which means large frequency response and the
possibility to test rough surfaces.
DataHighways: Optical fiber branched data bus systems, using passive discrete
tee components inserted in the highway, generally exhibit high losses when a large number
ofnodes are required. Low losses can, however, be achieved using noninvasive techniques
where the fiber highway remains unbroken. Periodic microbending of the fiber to couple light
energy into cladding modes was first reported as a noninvasive, low loss coupling of light
from a multimode highway. This coupler is essentially a coupling offdevice only because it
is difficult for a practical light source to replicate the conjugate of the radiation field required
for efficient coupling back into the fiber. Another method used an acousto-optic interaction
to impart information on to the guided modes within a fiber highway. The first reported
method used piezoelectric transducers to modify the propagation time or phase of the light
guided in an optical fiber [33]. The disadvantage of this first systemwas that there was no
provision to prevent fading due to polarization changes. In addition, for signal recovery, it
required a separate reference beam to interfere with the light emerging from the fiber.
Improvements upon this fiber-dyne system were made by using amultimode fiber [34], [35],
in which the acoustic transducer caused differential propagation changes between modes,
resulting in dynamic speckle pattern changes at the fiber output. This system had the
advantage ofcarrying the reference signal in the same fiber, however it could not be ensured
that the transducerwas suitably oriented with respect to the required interfering modes to
ensure maximum differential response. In addition, the efficiency was low because the
detector only receives a small fraction of the total light transmitted by the fiber and no
provision was made to prevent fading due to polarization changes. Amodified acousto-optic
fiberdyne system was reported [36] to have eliminated polarization fading problems while
achieving an efficiency of close to 100%. This system takes advantage of the polarization
maintaining and anisotropic properties ofbirefringent fibers. Both modes of the PM fiber
were excited equally. The piezoelectric transducerwas arranged to strain the fiber along one
of the polarization axes of the fiber to provide the maximum differential change in the
propagation constants of the mode. The fiber primary protection was not removed. A
compensated polarimetric arrangement was used, in which the fiber is cut into two equal
lengths and respliced after an axial rotation of90 degrees of one fiber relative to the other.
This arrangement reduced laser phase noise due to random frequency excursions of the
semiconductor laser and allowed for the use of semiconductor lasers of relatively short
coherence length. Previous fiberdyne systems used long coherence length gas lasers. A
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received carrier/noise ratio of55 dB has been achieved at 10MHz with a 30 kHz bandwidth.
Lizht FrequencyModulators- An acousto-optic frequency shifter for single mode
fiberswas demonstrated for use in a range ofheterodyne-type applications [37]. The device
is constructed by asymmetrically positioning a birefringent fiberwithin and parallel to the axes
oftwo cylindrical acoustic resonatorswhich are driven 90 degrees out ofphase. The incident
wave in one polarization state is coupled to a frequency shifted wave in the orthogonal state.
The length of fiber between the centers of the phase shifters is an odd multiple of a quarter
polarization beat length of the fiber. The piezoelectric resonators were fabricated by
removing the jacket material from the fiber and then inserting the fiber into a precision
capillary. The capillary tube is positioned off axis in the PZT cylinder and arranged so that
the birefringent axis ofthe fiber are 45 degrees to the radius vector of the cylinder. Based on
the theory ofelastic wave propagation in a uniform medium, it was shown that this position
of the PZT cylinder ensures maximum polarization coupling of the two modes. This
configurationwas an improvement over previous fiber optic frequency shifters [38]. The fiber
was a single mode elliptical cladding fiber with a stress induced modal birefringence. The
laser light is coupled through a linear polarizer into the y-polarizationmode of the fiber. At
the first resonator, sidebands above and below the optical carrier at a frequency equal to the
modulation frequency are generated. These sidebands appear on both the initial y-polarization
mode as well as the cross coupled x-polarization mode. The second resonator is driven 90
degrees out ofphase relative to the first resonator. This phase difference together with the
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90 degree phase difference generated by the fiber length, ensures that one of the sidebands
produced in the second resonator is 180 degrees out of phase relative to that sideband
generated in the first resonator. This side band is therefore cancelled while the other one is
enhanced. A linear analyzer at the output passes only the cross coupled x-polarizationmode.
Operation at 5 MHz was observed a 20 dB suppression of one sideband in relation to the
other one was reported. The typical sensitivity ofone phase shifter is 0.02 rad/Vcm at this
frequency. Higher conversion efficiency, approaching 100%, was suggested by stringing
several phase shifters along the fiber and optimizing the phase shift and polarization coupling
generated in each.
PhaseModulators: Phase shifters arewidely used in fiber optic sensors and could
also be used for communication in a fiber optic data bus. Much of the current sensor research
is centered around a designwhich includes fiberwrapped around a cylindrical PZT transducer
[39], [40]. A voltage applied to the PZT tube changes its diameter and consequently
stretches the fiber. The disadvantage of these devices is that, in addition to producing the
desired phase shift, these cylinders modulate the birefringence of the fiber and induce a
polarization mode coupling. These effects can cause noise and drift in the sensor output.
Also, efficient operation of these devices occurs at relatively low frequencies which is limited
to the length resonances of the cylinder. For a 1cm long cylinder, this would be 100 kHz.
Another structure was introduced for operation at higher frequencies without affecting the
polarization of the modulated wave [41]. The modulation is produced by an acoustic wave
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generated in a thinwalled cylindrical transducer filled with solid materials that act as coupling
media. The fiber is positioned along the axis of the cylinder to provide a cylindrically
symmetric strain field for producing a polarization independent phase shift. Furthermore, the
cylindrical transducer can concentrate more power on the fiber due to the circularly symmetric
geometry. Single mode fiber with jacket material removed is epoxied in a glass precision
capillary tube. The capillary tube is positioned in the center of the PZT cylinder. The
sensitivity of this fiber optic phase shifter was reported to be 0.058 rad/Vcm, at 7 MHz and
no polarizationmodulationwas observed. The maximum phase shift measured was 0.34 rad
for a voltage of 5.65 V, at which point the acoustically induced optical phase shift begins to
saturate, presumably due to heating effects. Longer cylinders and multiple passes of the fiber
through the glass tube are expected to increase the phase shift to an amplitude required for
gyroscopes and other sensors.
Fringe Shape Stabilizers: Single mode fiber resonators have demonstrated
problems with polarization stability [42], [43], [44]. Depending on the resonator type, these
instabilities are manifest as a split resonant dip, reduced finesse, reduced fringe modulation,
fringe asymmetry, and unequal spacing between successive fringes. As a result, large scale
factor variation can result in fiber sensors, and in spectrum analyzer applications, the changes
in the source spectrum cannot be easily distinguished from the changes of the resonator
finesse and fringe modulation. Several methods have been suggested to overcome
polarization drift including the use of a polarizationmaintaining optical fiber in the resonator
13
system. However, even these systems suffer from some environmentally induced polarization
instabilities. Fringe shape stabilization has been achieved by rotating the birefringent axes by
90 degrees at the splice [44], [45], however polarization cross talk in the coupler was found
to cause small fringe shape variation. An active fringe shape stabilization scheme has been
describedwhich uses a piezoelectric transducer to alter the birefringence over a short length
of the fiber [46]. This induced change in birefringence is used to counteract the random,
environmentally induce changes along the fiber length. The PANDA type fiber, with the
jacket removed, was compressed along the slow axis. The amount of compression was
controlled through the piezo by an error signal, which was derived from the difference in peak
height between the fringes. The dynamic range of the servo was dependent on the applied
force and on the length of the fiber being squeezed. A dynamic range of about one and a half
periods of fringe shape variation was reported. A larger dynamic range is expected by
increasing the length of the fiber and the applied force. This type ofresonator can provide
both high finesse and stable fringe shape, which are improvements for spectral analysis
applications. The stabilization method is also compatible with signal recovery schemes for
sensors and would eliminate the scale factor variation caused by random environmental
perturbations.
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1.2 Finite ElementAnalysis (FEA)
A briefdiscussion is given in the following section ofFEA and how its results can be
used with the stress-optic law to determine birefringence. Next, the validity of the finite
element analysis program is demonstrated by comparing its results to data from the current
literature. The FEA model of the PM fiber is discussed as well as an illustration of the
different load cases. The results of the FEA are given and the birefringence is calculated and
plotted for the different load conditions.
1.2.1 Finite Element Analysis and the Stress-Optic Law
Optical anisotropy develops in many transparent noncrystalline materials as a result
of stress. The stress distribution in a polarization preserving fiber can be determined
experimentally [47], [48], analytically [30] or numerically by means of finite element analysis
[31]. Analyticalmethods often make several approximations, in order to arrive at a solution
and are currently limited to the cases ofsymmetrical cross sections. Numerical methods using
finite elements has themost potential for achieving the complicated stress distributions for any
kind of highly birefringent fiber with any type of asymmetrically applied force. Unlike
analytical methods, finite element methods allow an exact solution to the stress distribution
and the modal birefringence. The basic concept for the finite element method is that a
continuum (total structure) can be modeled analytically by its subdivision into regions (finite
elements) in each ofwhich the
behavior is described by a separate set of assumed functions
representing the stresses
or displacements in the region. Once the stress distribution is
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known, the index of refraction can be determined from the stress optic equation.
Finite element analysis programs require the following three inputs: scaled computer
drawing ofthemodel, material properties, and boundary conditions (i.e. constraints, applied
forces, temperature change).
The model here is the fiber cross section. Longitudinal symmetry is assumed and
therefore a two dimensionalmodel is adequate. The fiber also exhibits symmetry in the cross
section which requires only one quarter of the fiber to be modeled, as illustrated in figure
(1.1). It is important to look for symmetry in the model because FEA programs are often
limited by memory space. The model is divided into elements which are defined by nodal
points. Themore elements the model possesses, themore accurate the results. Programs are
limited to a maximum number of elements, again because ofmemory space.
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SAP MODEL
Cladding V fc Core
Figure 1 . 1 FEAModel ofPanda Fiber
For every point in a loaded material, there exist three mutually perpendicular planes
which are free of shear stress. These planes are called the principal planes. The associated
normal stresses are called principal stresses. It is these principal stresses that can be related
to refractive index through the stress-optic law. The FEA program calculates principal
stresses for every element. The amount of error is indicated by the magnitude of the stress
gradient between two adjoining elements. To minimize the error, one would add more
elements.
The stress optics law relates the principal stresses from the FEA and the resulting





= index of refraction ofmaterial in unstressed state
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= index of refraction ofmaterial for light polarized in







Eliminating nofrom equations (4) yields,
n -n =c(S -S )x y v r y
ny-n=c(Sy-S) (5)





Cy [brewsters], is the relative stress-optic coefficient. Values of stress-optic
coefficient for a variety ofglass is given by the fiber manufacture to range from 0.2 x
10"6
to








The birefringence is defined as this difference in the index experienced by two polarization
modes traveling along the x and y axis.
B=w- (7)r X y





where, r^ and iiy can be determined
from equation (4) for plane stress,
=n.+c S *c S
x 0 x x y x
n =n.*c S +c S
y 0 x y y x
(8)
(9)
Although c is readily available from the current literature, c^ and cy are not known and
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thereforn^ can not be determined. However, the change in average refractive index, An^,
can be calculated which will indicate whether or not n^ remains constant. Let n be the
original refractive index and
n'
be the refractive index of a squeezed fiber. Then,
An *n'-n (10)
ov* ov* ovv











where, Ar^ and A^ can be calculated from themeasured fringe shifts, f, which will be shown
in equation (16) ofsection (1.3). If the change in average refractive index, An^,., is zero for
any value of applied force, then the average refractive index, n^, must have remained
constant.
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1.2.2 Validation ofAnsysED Finite Element Analysis Program
AnsysED is the Finite Element Analysis program that was chosen for the analysis.
The program is limited to 500 nodeswhich is adequate to model a symmetrical load case (ie.
compression along the birefringent axis), because only one quarter of the fiber cross section
must be modeled. To examine compression off axis, it would be necessary to use at least
2000 nodes because the whole fiber cross sectionmust be modeled. Program versions that
allow a higher number ofnodes exist, but were not available. To demonstrate the programs
accuracy, data obtained from the program were compared to data obtained analytically.
In previouswork [30], the stress distribution and modal birefringence were obtained
analytically for the PANDA fiber. Using an approximation which does not account for the










where, d, represents the radius of the SAPs, d2 represents the distance between the fiber
center and the center of either of the SAPs, ^ and r2 are the distances of the closest and the
farthest edges of SAPs from the fiber center, E is the elastic modules, C is the stress optic
coefficient, u is Poison's Ratio, T is the temperature gradient incurred during the drawing
process (850 degrees C), a2 and cc3 are the expansion coefficients of cladding and SAP,
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respectively, and r and 8 are the polar coordinates of any point along the fiber cross
section.
The fiberwith material properties and dimensions given in table (1.1) and figure (1 .2),
respectively was used to compare the FEAusing AnsysED to the analytical solution discussed
above. The results of the AnsysED program are given in figure (1.3) and those obtained
analytically are shown in figure (1 .4). Very good agreement is found for magnitude and shape




Core diameter = 10 pm
Cladding diameter =120 pm
SAP diameter = 38 pm
Figure 1 .2 PANDAFiber used to Validate AnsysED Program
Table 1.1 Material Properties for the PANDA Fiber








core 1 7830 2.125
xlO"6
0.186
cladding 2 7830 5.4
xlO"6
0.186















Figure 1 .3 Stress Distribution Obtained from FEA
Figure 1.4 Stress Distribution Obtained Analytically [30]
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1.2.3 FEA Model ofPanda Fiber
Once the accuracy oftheAnsysED programwas validated, it was used to analyze the
actual PANDA fiber which was used in the experiment. The fiber under investigation is the
Fujikura PANDA fiber whose dimensions are illustrated in figure (1.5). The material
properties for the fiber, listed in table (1.2), are estimations obtained from the current
literature [22], [29], [49], [50] and varied to yield an intrinsic birefringence ofB^O.00047,
which is an average of the values reported in the recent literature for PANDA type high
birefringent fibers.
The temperature load to achieve the desired intrinsic birefringence was assumed to
be AT=-1570 degrees C. The applied load cases are illustrated in figure (1.6). Three cases
were investigated: 1) ideal point force 2) force distributed over a 30 degree arc, and 3) force
distributed over a 60 degree arc. The distributed forces represent material of different
compliance. Each of the three load cases was applied along both birefringent axis.
25







core 1 7830 2.125
xlO"6
0.186
cladding 2 7830 5.4
xlO"6
0.186





Core diameter = 5 pm
Cladding diameter
= 120 pm
SAP diameter = 35 pm
Figure 1 .5 Panda Fiber Under Investigation
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1.2.4 FEA Results
The fiber was meshed into 157 elements containing 494 of the maximum 500 nodes
allowed by the program. The model is shown in figure (1 .7). Information contained in figure
(1.5)was input into the program for each load case in figure (1 .6). The different load cases in
figure (1.6) represent the force distributions which may result from deformation of the material
as it squeezes the fiber. The deformation would be greater for a material with higher
compliance. The program returned Sx and Sy, stress in the x and y directions, respectively, for
every element in the fiber. The stress in the core regionwas found to be uniform and within 1%
error which was indicated by the stress gradients between the elements. The FEA results
indicate that the core is initially in tensionwith Sx being greater than Sy. If the fiber is squeezed
along the x direction, Sx decreases while Sy increases, eventually canceling the birefringence
when Sx=Sy. For an ideal point force birefringence is canceled at 0.55g/um. These results are
shown in figure (1.8) for the different load cases in the x-direction, and in figure (1.9) for load
cases in the y-direction. Squeezing along the y, as shown in figure (1.9), increases Sx while
decreasing Sy and the birefringence is increased for every applied force.
Birefringence is calculated using equations (6) and (7) with c=33.6 x
10'6
mm2/kg and
is plotted versus force for the six load cases of figure (110). The birefringence is linearly
dependent on applied force and increases for Fy while decreasing for Fx. Two conclusions can
be made from figure (1.10). First, as the material becomes more compliant, the effect on
birefringence is less for a given force. Second, squeezing along the y axis has a greater effect
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on birefringence than squeezing along the x axis. This is indicated by the slope
of the lines,
which represents the ratio of change in birefringence to applied force. As shown in figure








Figure 1 .6 Load Cases for FEA
Figure 1.7 Meshed Model
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Figure 1.8 FEA Results for Stress due to Fx




Figure 1.9 FEAResults for Stress due to Fy
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Figure 1.10 FEAResults for Birefringence due to Fx and Fy
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Rate of Birefringence Change VS
Material Compliance for Fx and Fy
10 20 30 40 50
Material Compliance (arc angle degrees)
Figure 1.11 Different Effects ofBirefringence for Fx and Fy indicated by FEA
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1.3 ExperimentalVerification
The results obtained from FEAwere validated experimentally by squeezing the fiber and
measuring the fringe shift. The applied force was modulated so that the induced fringe shift
could be distinguished from the thermal drift. Because the force was applied using a
piezoelectric translating stage the magnitude of the force was unknown. To determine the
magnitude of the applied force, a second fiber was used as a gauge. For this fiber, cross talk
was measured for a known applied force. Both fibers were squeezed simultaneously so that
birefringence could be related to force through cross talk.
Cross talk, t, can be calculated for linearly polarized light launched along the x-axis, by
measuring the output powers, Px and Py, along the x and y axis respectively, from,
t--^- (13)
Px+Py
Induced birefringence can be calculated if the fringe shift due to an applied force is
known. The phase shift, A, experienced by light polarized along the x axis of a fiber which is




k = wave number = 2n/k
d = distance light travels through the perturbed region
nx
= initial unperturbed refractive index
%=
perturbed refractive index
















Substituting from equations (16) into equation (17) yields,
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B'-nSifj) (is)
which gives induced birefringence in terms of the known intrinsic birefringence, measured
fringe shifts, wavelength and length of applied force.
The following sections explain the experimental set-up and procedures and contain a
discussion of the experimental results.
1.3.1 Experimental Set-Up and Procedures
A schematic of the set-up is shown in figure (1.12). As illustrated, two fibers were
squeezed simultaneously. The experiment was performed in two phases. In phase 1
,
fiber A
was calibrated for cross talk due to an applied force. In phase 2, fringe shift was measured for
fiber B and related to force through the measured cross talk in fiber A. Details of the
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Figure 1.12 Experimental Set-Up
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Phase 1:
In phase one ofthe experiment, fiberAwas used to determine the amount of cross talk
caused by an applied force. The force was applied using a spring calibrated plunger, as
illustrated in figure (1 . 13). The spring applies a force to the fibers which is linearly proportional
to the amount of spring compression. As the screw is translated forward, the spring is
compressed. The spring is allowed to rotate on the screw assembly and the plunger to insure
that the plunger is translated forwardwithout rotating. Any rotation of the plunger will break
the fiber. The force, F, was determined bymeasuring the distance traveled by the screw, Ax,
and multiplying by the spring constant, k.
F=kLx (19)
The spring was chosen to give maximum sensitivity and an appropriate force range.
Calibrationwas done using aRIMAC spring tester. The results shown in figure (1.14), indicate
a spring constant, k
= 33 kg/inch and a range of 1-22 kg. The force is accurate to
0.0165g/um, based on the accuracy with which the spring compression distance can be
measured and the accuracy of the spring tester.
The fibers were compressed over a distance of 0.81 cm. The two materials used for
compressionwere tested for hardness using aRockwell Hardness Tester. Material Awas Black
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66 Nylonwith a hardness of41 on a 15W hardness scale. Material B was ABS Plastic with a
hardness of61 on a 15W hardness scale. A larger number indicates less deformation for a given
applied force, therefore material A is the more compliant material.
The birefringent axis at the squeezer location was located by applying a force at
different angles and measuring the cross talk of light thatwas coupled at the input end to one
ofthe birefringent axes. Minimum cross talk indicated squeezing along one of the birefringent
axis. As will be shown in section (1.5), under perfect conditions, it is not possible to induce
cross talk by squeezing along the birefringent axis of the fiber. However in realistic cases, as
is seen here, cross talk will be induced if the force is not uniformly distributed over the arc of
the fiber or ifthe force is applied slightiy offthe birefringent axis. Any non-symmetrical loading
case will induce cross talk. Minimum cross talk was found to be 0.6%, including a 0. 1% bias
due to imperfect optical components as explained below. At this point ofmaximum extinction,
the applied force was aligned with the birefringent axis. The position was measured to an
accuracy of0.5 degrees. The applied force was removed and Fiber A was rotated 450.5
degrees from this position.
Lightwas launched from a laser diode into the fiber along one of the birefringent axis,
represented by the x-axis in figure (1.15). Alignment was achieved by alternately rotating the
polarizer and analyzer until a minimum voltage was obtained. This indicated that all the light
was being launched along the x-axis and was subsequently being canceled by the analyzer. The
minimum cross talk was found to be 0. 1%. This non-zero value is an indication of random
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perturbations in the fiber or an imperfect polarizer. At this point ofmaximum extinction, the
polarizerwas alignedwith the birefringent axis of the fiber and its positionwas measured to an
accuracy of 0.2 degrees. The x-polarized light was perturbed by applying a force at 45
degrees to the birefringent axis. This causes light to be coupled to the y-axis which is then
allowed to pass through the analyzer and be detected. As the force was varied, power was
measured for the x and y polarized modes by rotating the analyzer by 90 degrees. Equation
(13) was then used to calculate cross talk.
Cross talk versus applied force is plotted in figure (1 . 16) for a force applied along the
birefringent axis (minimum cross talk) and for a force applied at 45 degrees relative to the
birefringent axis (maximum cross talk) for material B, ABS Plastic. As explained above, the
nonzero minimum cross talk could be due to imperfect optical components, nonsymmetrical
loading conditions, imperfect launch angle alignment or rayleigh scattering. The degree to
which each affects the extinction ratio will be discussed further in section (1.5). The non-linear
regions in the curve for maximum cross talk could be due to the compliance of the material.
The surface ofcompressionwas evaluated by observing under a microscope the area of contact
between the fiber and the compression material. Initial compression caused the material to
deformwith little effect on the fiber. After some initial material deformation, the fiber was then
squeezed with a smaller effect on the material. The upper portion of the curve could be due
to the amount ofmaterial compliance. As the compliance increases, the force has components
in the x and y directions which could decrease the amount of cross talk. The non-linear
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behaviorwas confirmedwith repeated trials. For a certain range of forces, the cross talk varied
linearlywith applied force. This range was used as a gauge to measure applied force in phase
2 of the experiment. The repeatability of the cross talk measurements was low. For lower
values of cross talk, the measurements varied by 0.5%. For larger values of cross talk the
measurements varied as much as 2%. This was assumed to be due to the inconsistency in the
material compliance.
Material A, Black 66 Nylon, which had a lowermaterial hardness, produced results that
were not repeatable. The surface of compression was evaluated by observing under a
microscope the area of contact between the fiber and compression material A. The material
compliance was observed to vary randomly for the same magnitude of applied force. As a










Amount of Compression, x (inch)
4.6
















0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Applied Force (g/um)
Figure 1.16 Experimental Cross Talk for Gauge Fiber A
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Phase 2:
Fiber B was used to measure the fringe shift induced by an applied force. Crosstalk was
simultaneouslymeasured from fiber A. Using a laser diode and the methods described in phase
1, the fiber birefringent axes were located at the input end relative to the input polarizer and at
the squeezer location relative to the line of action of the applied force. Light was coupled into
both birefringent axis of fiber B separately using a HeNe laser as shown in figure (1.17). A
sinusoidal signal was generated using a piezoelectric stretcher that alternately stretched and
released the fiber. The stress distribution in the fiber was perturbed by applying a force along
one ofthe birefringent axis. This causes the refractive index experienced by both polarization
modes to change causing the signal to change phase. The force was alternately applied and
released using a piezoelectric transducer to translate the stage forward and back, compressing
the fibers as shown in figure (1.18). The piezo modulation was necessary to distinguish the
fringe shifting from the thermal drift. Fringe shift was measured for both launching axes for
several values of applied force along both birefringent axes. The accuracy of the fringe shift
measurementwas assumed to be0.2 fringes and mainly due to thermal drift and human error.
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Applied Force HeNe Laser




Figure 1.18 Piezoelectric Transducer Translating Stage
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1.3.2 Experimental Results
Change in birefringence was calculated for each measured fringe shift using equation
(18)with A.=0.6328um and d=0.81cm. The rate ofchange in birefringence for an applied force




To investigate the different effects
of squeezing along the fast axis as opposed to the slow axis, the two experimental slopes
calculated above for two squeezing positions (90 degrees apart) had to be correlated to
squeezing along either the x-axis or the y-axis. The FEA results (section 1.2.4), suggested that
a greater change in birefringence would be observed if the force was being applied along the
y axis as opposed to the x axis, therefore, the set of data with the larger slope of
0.0006(g/um)"1
correlates to compression along the y axis, Fy, and the smaller slope
0.0004(g/um)'1
correlates to compression along the x axis, Fx. For an initial birefringence of
B^O.00047, the experimental birefringence versus applied force is plotted in figures (1.19) and
(1.20), for Fx and Fy, respectively. Also shown for comparison are the FEA results for
different material compliance.
The experimental results indicate a linear behavior ofbirefringence due to an applied
force, which agrees with the FEA results. The compliance experienced by the material while
squeezing the fiber is also consistent with that predicted by FEA. The compression material
was examined subsequent to squeezing the fiber. Grooves were measured in the material to be
0.0005.00025". These grooves indicate the amount ofplastic deformation experienced by the
material and give no indication of the amount of elastic deformation. Therefore these
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measurements are actually an indication of the minimum amount ofmaterial compliance.
For
a fiberwith a 120 pm cladding diameter, thewidth ofthemeasured grooves indicates squeezing
along an arc of 125 degrees. This value for experimental compression arc angle is predicted
by the experimental data for both Fx and Fy, and agrees with the FEA results as indicated in
figures (1.19) and (1.20).
Refractive index change, An, is plotted versus force for Fx and Fy in figure (1.21).
Fringe shifts to the right are plotted as positive and shifts to the left are plotted as negative. In
order to determine which change in refractive index was measured, Ariy or Ar^, it is first
necessary to distinguish which polarization mode, the fast axis or the slow axis, was being
excited at the time the fringe shift was being observed. For a force in the y direction, FEA
indicates AB>0. Since An,,must be greater than Ar^ for positive AB, the larger value ofAn
experienced while compressing along the y axis must correspond to light which is coupled along
the y axis. A similar argument for Fx confirms this conclusion.
Change in average refractive index, An^., was calculated from equation (11) and is
plotted in figure (1
.22)
for Fx and in figure (1
.23)
for Fy. As indicated, An^* 0 and therefore,
from equation (10), n^ does not remain constant as the fiber is compressed in the x or the y
direction.
46
Birefringence VS Applied Force, Fx

















Birefringence VS Applied Force, Fy
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Figure 1 .20 Experimental Birefringence due to Fy
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Figure 1 .21 Experimental An for Fx and Fy
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Figure 1 .22 Experimental An^ due to Fx


















Figure 1.23 Experimental An^ due to Fy
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1.4 PolarizationModulation
Polarizationmodulation has been the topic ofmuch research in recent publications. In
this section, the effectiveness ofthe compression device used for polarizationmodulation in this
thesis is determined and compared to the modulation achieved by inducing stress in a PANDA
fiber using strain and temperature gradient techniques as reported in the current literature [27].
In the following sections, jones matrices are used to derive general expressions for the electric
field vector components in terms ofpolarization launch angle and applied force angle relative
to the birefringent axis ofthe fiber. Components are derived for the two cases of squeezed and
unsqueezed fiber. The phase change due to an applied force is determined by taking the ratio
ofthe electric field components for squeezed and unsqueezed fiber for light launched along the
x and y axes. The resulting change in birefringence is then the difference in the phase changes
for the two birefringent axes. Modulation effectiveness is determined from the ratio of the
change in birefringence to the amount ofapplied force per unit length. This effectiveness is then
compared to that reported in [27] for stretching and temperature gradient polarization
modulation techniques.
Jones matrices are first used to derive equations for the electric field components of light
exiting a fiber that is being squeezed over a fixed portion of its length. Dividing the fiber into
three lengths, letL^ber before squeeze, L2=length of fiber being squeezed and L3=fiber after
squeeze. For linearly polarized light launched at an angle 8p to the slow (x axis) and retarded










cos 8 -sin 6
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sin 6 cos 6
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(20)
where P is the propagation constant,
P+P
(21)
where, $=2TtnJk and $y=2iznjk. The left hand matrix represents the differential phase shift
in the fiber segment Lx. The common phase shift, (J>j, has been factored out and is defined
below in terms of the intrinsic birefringence, B^r^-ny, due to the SAP's, the wavelength of the





Now let this light enter the portion of the fiber L2, which is being squeezed at an angle 8S to
the x axis. The effect of squeezing a PM fiber is to rotate the principal axes by an angle $ to
the x axis. Therefore, the light that enters L2 is rotated by an angle $, retarded by
<j>2'
for
distance L2 and then rotated back by an angle -$. The Jones matrix for light exiting the
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(23)
The new propagation constant
P'
is defined in terms of the new refractive indices in region L2
m; (24)




BT is the total birefringence due to the SAP's and an applied force and has been derived [24]
in terms ofthe intrinsic birefringence, Bh and the external birefringence due to an applied force,
BE, to be,
B^B^B2E-2Bfi^os 28, (26)
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The propagation constant, p, and retardation (f>3 for the portion of the fiber L3 are identical to
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Equation (30) can now be simplified for light launched perfectly along one of the
birefringent axes. For light launched along the x axis, 8p=0 degrees, assuming perfect
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For perfect squeezer alignment, 8=0 or 8S=90 degrees, ft=0, and the components become,
E'--e






For lighlnbhed along the y axis,
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(34)
The electric field components along the x and y birefringent axis are then,
r'=e",CWe^)e'PV/sinft2sin2ft]
E'e "We <***>, '^[cos +;.lsin ^cos 2 ft ]
(35)




In order to derive an expression for the effectiveness of squeezing on polarization
modulation, the electric field vector components for an unsqueezed fiber of length L^j+I^+Lj
are derived. For linearly polarized light launched at an angle, 8p, to the x axis, the jones matrix
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The propagation constant, p, and retardation per unit length, <|>/L, are the same throughout
the length of the fiber, however, the terms will be kept separate here so that they can be
canceled out laterwhen combined with the equations for a squeezed fiber.
Equation (37) can now be simplified for light launched perfectly along one of the















































To determine the effect of squeezing on the polarizationmodulation, the electric field
components of the squeezed and unsqueezed fibers are compared by taking the ratio of
equations (33) and (40) for the x component and equations (36) and (42) for the y component.


















The birefringent phase retardation, AT, between the x and y polarizations is the difference of
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the phase changes, AYX and AYy, in the x and y directions, respectively. From equation (44),
^~(n'x-n)L2
(45)




In terms of the experimentally measured fringe shifts, f^ and fy, the change in phase delay
between the x and y electric field vectors can be found by substituting equation (16) into
equation (46) to be,
Ai|f=27iOSe-^) (47)
Using equation (47), the experimental birefringent phase retardation due to an applied force
was plotted in figure (1.24).
Polarization modulation effectiveness is often defined in terms of the sensitivity of the
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change in phase delay to the change agent. For example, change agents are force per unit
length, fiber elongation and temperature gradient. Define the compression sensitivity as,
Compression Sensitivity = (48)
FIL
where, F/L is the applied force per unit length in rad/(g/um). From the graph in figure (1
.24),
the compression sensitivity for an applied force along the x axis is 16.69 rad/(g/um). For a
force applied along the y axis, the compression sensitivity is 27.56 rad/(g/um).
Polarizationmodulation using the PANDA fiber has been investigated in previous work
[8] by determining the strain and temperature sensitivities. Comparing the methods, it is
necessary to consider the phase sensitivity for each method of polarization modulation, a
realistic maximum value of polarization change, and the practicality of each method. Table
(1.3) lists the sensitivity for each method. To normalize the values, a maximum phase change
was calculated for each method. For the compression method, the maximum force was
determined. In thiswork, the maximum force endured by the fiber before breaking varied and
was found to be highly dependent upon the squeezer alignment. If the compressionmaterial
is not aligned parallel to the fiber axis, the fiber is not uniformly compressed. The compression
material deforms more under the greater stress so that the fiber is pinched and bent. Under
these conditions, the fiber was found to break at forces as low as 0.7 g/um. The maximum
force applied before breaking, was found in this work to be 1.3 g/um. The theoretical
maximum force can be calculated [26], from
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Fvk 7tZ> ,"HK_^r (49)
L
2~m
where, D is the fiber diameter and Smax is the yield stress. For D=120um and
Smax=25kg/mm2, Fmax/L=4.7g/um. Using this theoretical value as the upper limit for the case
ofperfect alignment (ie. no bending of shear stresses), themaximum phase change is 8.61 and
14.20 radians, for Fx and Fy, respectively. Using the maximum force used in this work, the
maximum phase change is 2.39 and 3.96 radians forFx and Fy, respectively. For the stretching
method, the sensitivitywas reported to be 0. 107 rad/pm. The fiber was stretched until it broke
indicating a maximum elongation of300 pm. This yields a maximum possible phase delay of
3.52 radians. The temperature sensitivitywas reported to be 7.35 rad/mC. The upper limit of
the temperature range was determined to be 120C whichwas the point where the phase delay
was found to be no longer linearly proportional to temperature gradient. The fiber was exposed
to the temperature gradient over a length of 10cm, yielding a maximum phase delay of3.39
radians. The phase delay could be doubled by exposing 20cm of the fiber to the temperature
gradient. Comparing the maximum possible phase delays for compressing, stretching and
temperature gradient methods, stretching appears to be the most limited, because the
compression method can be improved by using a less compliant material and the temperature
method can be improved by increasing the amount ofthe fiber that exposed. Compression must
be done on a stripped fiberwhich limits the portability and introduces the risk ofbreaking. The
previous work on the stretching method does not indicate that the fiberwas stripped, which,
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if this were the case, would be an advantage. The temperaturemethod includes a delay time
so that the effect is not immediate and easily turned on and off. In addition, introducing heat
into any system must also include a means for cooling, increasing the cost and size of the
system.
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Figure 1 .24 Polarization Modulation for Applied Forces, Fx and Fy
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1.5 Polarization Cross Coupling
Polarization modulation was achieved in the device described in this thesis by
squeezing along the birefringent axis of the fiber. The effect of squeezing off the birefringent
axis, a non-zero error in the angle of applied force, is to induce polarization cross coupling in
the fiber, and is observed as a reduction in measured extinction ratio. The amount of cross
coupling is dependent upon the amount of error in the squeezing angle, 8S, and the change in
birefringence in the squeezed region. A reduction in the measured extinction ratio is also
caused by an error in the launch angle, 8p, caused by amisalignment between the polarizer and
the birefringent axis of the fiber. Amisalignment of an analyzer or a wollaston at the output
end of the fiber would cause additional error, however, as explained in phase 2 of the
experiment, the optical system containing fiber B contained only a polarizer at the input. In
this section, the effect of 8p and 8S on polarization cross coupling will be investigated using the
equations of the electric field vectors that were derived in the previous section (1.4) and
compared to that found in the polarization modulator presented in this work.
For light launched along the x birefringent axis of a fiber, the amount of cross coupled




where, L, and I,, are the intensities of the light traveling along the x and y axis, respectively.
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The intensity of the light traveling along the x axis is proportional to E^*, where
E** is the
complex conjugate ofthe electric field vector in the x direction. Similarly, the intensity of the
light traveling along the y axis is proportional to
EyEy* The electric field vectors Ex and Ey,
for light exiting a fiber that is being squeezed over a portion of it's length were derived in
section (1.4). From equations (30), these electric field vectors can be written as follows,
E'x=e lfi(h'Ll)e *% '?'[(cos fasin $'2cos2 ft )e '?'cos 8 -
'
(51)




(cos <j>2-w/n M'2cos2 ft)e 'sin 81
The above equations define the electric field vectors in terms of launch angle 8p, and angle
of squeeze, 8S, which appears in the equation for the principal axis rotation angle, ft, as
defined in equation (27).
The intensity ofthe light along the x axis, 1^ can be determined by multiplying (51) and
it's complex conjugate to get,
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7=cos 28 [cos 2<|>2+sin 2<}>2cos ^ ft ]
(53)
+sin28i([sin2<|2sin22ft]
The intensity ofthe light along the y axis, Iy, can be determined by multiplying equation (52)
and it's complex conjugate to get,
/=sin28 [cos 2<|>2+sin 2<|>2cos ^ft]
(54)
+cos 26 [sin 2i|>2sin 22 ft ]
Equations (53) and (54) are the intensity equations for the general case ofnonzero error in
launch angle and squeezer alignment. These general equations reduce to those similarly
derived in [24] for the simpler case ofperfectly aligned polarizers and an applied force aligned
perfectly along a birefringent axis.
For a perfect squeezer alignment (ft=0), equations (53) and (54) become,
7r=cos 28 [cos 2<f>'2+sin 2<|>2] (55)
7y=sin 28|>[cos 2<t>'2+sin 24>j] (56)
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From equations (55) and (56) it is evident thatwithout perfect alignment between the input
polarizer and the birefringent axis, 8p*0, therefore, ly#0, and cross coupling will occur.
For perfect launch angle (8p=0), equations (53) and (54) become,
7r=cos 2<|>2+sin 2<)>2cos 22 ft (57)
7=sin2<|>2sin22ft (58)
Equations (57) and (58) suggest that it is not possible to induce cross talk by squeezing along
the birefringent axis (ft=0 and therefore ly=0), which is also in agreement with the conclusion
made in the similar derivation. Any realistic polarization modulator using compression cannot
apply a point force, butmust actually distribute the force over some finite distance. However,
a force that is uniformly distributed and perfectly aligned is a symmetrical loading case, for
which these equations were derived, and therefore will not induce cross talk.
To determine quantitativelywhat effect the squeeze and launch angle errors have on
polarization cross coupling, equations (50), (53), (54) were used to plot cross talk versus angle
of squeeze for different launch angle errors and different total birefringence due to the applied
force. As seen in figure (1.25), cross talk has a much smaller dependence on launch angle
error compared to its dependence on squeezer angle error. In addition, the amount of cross
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talk induced by the launch and squeezer angle error increases for increasing change in
birefringence.
Polarization cross talk was measured to be 0.1% without squeezing and 0.6% while
squeezing along the birefringent axis. As shown in figure (1.16), the cross talk did not increase
for increasing applied force when squeezing along the axis. The measurements had low
repeatability, whichwas estimated to be 0.5%. The launch angle was located within an error
of 0.2 degrees and the squeezer angle was located within an error of0.5 degrees. These
values arewellwithin the range predicted by figure (1 .25) indicating that cross talk could have
been caused by misalignment. In addition to misalignment of squeezer and launch angles, the
cross talk could have been caused by a non-uniformly distributed force, imperfect optical
components, and rayleigh scattering. An improvement in the control of the distribution and
location of the applied force would decrease the amount of cross talk induced by this
polarization modulator.
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1.6 Summary
Polarizationmodulators have many applications in the field of fiber optics from fringe
shape stabilizers in fiber ring resonators to eliminating polarization fading in acousto-optic data
highways. In this thesis, finite element analysis was used to predict the birefringence and
polarization changes resulting from a force applied with three different material compliance
conditions including a point force, and 30 and 60 degree arcs on the circumference of the fiber.
The finite element analysiswas repeated for the two cases of squeezing along the fast and slow
axis. Itwas verified experimentally that FEA can successfully be used to predict birefringence
and polarization changes in the fiber. Polarization modulation achieved in this thesis, by
compression, was found to be an order of magnitude more efficient than modulation by
stretching the fiber or applying a temperature gradient. In addition, it was found that
squeezing along the x axis (the axis containing the stress members) is 40% less sensitive to
polarization changes than squeezing along the y axis. Other experimental results include an
increase in average refractive index at a rate of0.0003
(g/um)'1
for compression along the y
axis and a decrease in average refractive index at a rate of 0.0002
(g/pm)"1
for compression
along the x axis. Experimental evidence
indicated that the compliance arc was 120.5 degrees.
With the aid of Jones matrices, curves for polarization cross coupling were derived in terms
oferror in angle ofapplied force and polarization mode coupling alignment at the fiber input.
It was found that cross talk is zero under ideal conditions of a uniformly distributed force
perfectly aligned along
one of the birefringent axis. Under non-ideal conditions, cross talk
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increases for increasing birefringence change and has a negligible dependence on polarization
mode alignment compared to applied force alignment. A force misalignment of 1 degree
results in a cross talk of3% compared to a launchmisalignment of 1 degree resulting in a cross
talk of0.2%. The experimentally measured cross talk was found to be 0.6% while squeezing




Fiber splicing is needed to permanently join optical cable sections in those cases when
the system span is longer than available factory cable lengths or when installable cable sections
are restricted by other practical limitations. Because fiber splices must establish transmission
continuity along the optical link, obtaining and maintaining the lowest possible splicing loss is
a primary objective. The difficulty in splicing lies in the fact that small cross sections of the
fibers require extremely high precision in alignment. The problem becomes more pronounced
when dealing with single mode (SM) fibers because the core diameters are only a few
micrometers. Severe losses can result if lateral displacement between two parallel end faces
ofthe SM fibers exceeds a small fraction of their radius. For example, it is necessary to keep
lateral displacement below about 0.75 pm to achieve splicing losses of less than 0. 1 dB [52].
Additional problems occur when the end faces of the fibers are not parallel. A SM fiber end
tilt angle of 1 degree will give a loss of 0.06 dB [52]. Splicing single mode polarization
preserving fibers have the additional requirement of accurately aligning the birefringent axis
ofthe fiber. The design ofPM fiber splices must minimize the externally induced stress in the
fiber. As discussed extensively in chapter 1 of this thesis, any externally applied asymmetrical
stress will induce a birefringence change in the immediate splice region causing birefringent
axis rotation and consequently extinction ratio degradation. Good matching of the optical and
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geometrical properties of the fibers is also necessary in order to avoid the introduction of
additional intrinsic losses. Good matching can be achieved only by maintaining stringent fiber
tolerances during the production process.
Below is a briefreview ofthe conventional splicing techniques formultimode fibers and
the more recent techniques developed to achieve low loss splicing of single mode fibers.
Methods ofaligning the birefringent axes ofpolarizationmaintaining fibers are also discussed,
followed by methods for preparing fiber end faces for splicing.
Splicingmethods can be divided into two general categories: mechanical splicing and
fusion splicing.
2.1.1 Mechanical Splices
Mechanical splicing uses fixtures to obtain alignment and permanently hold the fiber
end faces, with the aid ofa transparent indexmatching epoxy adhesive. The simplest methods
have achieved alignment using either the small inside diameter of a round capillary tube or the
inside corner ofa capillarywith a square cross section (loose tube) [53]. Other more elaborate
methods use the groove between two precision rods and the pressure of a flat spring to seat
the fiber in place for bonding. Similarly, the V-groove principal has been applied to realize an
elastomeric splice [54] inwhich the fiber is pressed between a grooved and a flat surface. The
two parts are inserted into a sleeve which applies the pressure to hold the fibers in place. A
resilient spring action is produced by the elastomeric constitution of the material forming the
upper and lower halves ofthe splice. The above techniques make use ofpassive alignment of
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the core, relying on precision reference surfaces of grooves and cylinder holes, and results in
splice losses on the order of 0.1 dB for multimode fibers. For single mode fibers, active
alignment of the core is necessary to achieve low loss splices.
In the case ofactive alignment, the core is aligned by injecting optical power into the
input fiber and optimizing the lost (or transmitted) radiation following the joint. Several
methods have been introduced to measure the radiation, the most practical ofwhich allow for
local detection in the vicinity of the joint. A higher sensitivity can be achieved by monitoring
theminimum ofthe lost power rather than the maximum of the transmitted power [55]. This
technique has been achieved by detecting part of the power that is transferred from the core
ofthe launching fiber to the cladding of the receiving fiber, due to misalignments. The device
used to collect the light scattered into the cladding is represented in figure (2.1). In this
technique, optical power is collected immediately after the joint from a short length of fiber
that is placed within a glass groove [56]. The glass groove conducts the collected optical
power to the detector. The power level is at a minimum when the fibers are perfectly aligned
and virtually all power is transmitted. In a different technique, local information on transmitted
power is obtained by simply bending the fiber after the joint. This causes power to be
transferred from guided modes to radiant modes allowing for local detection [57]. The
principle behind this local power extractor is represented in figure (2.2). The primary buffered
fiber is reverse-bent over two rods that have a radius of curvature of a few millimeters. A
detector is placed close to the second bend, as illustrated, and the extracted power, which is
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proportional to the power transmitted by the core, ismeasured. In this technique, the optimum
fiber alignment corresponds to the maximum extracted power.
The active alignment techniques described above are used for both mechanical and
fusion splicing and achieve splice losses as low as (0.2 dB) when used on single mode fibers.
Comparative advantages ofmechanical splicing over fusion splicing include the absence of an
electrical discharge and the resulting core distortion, as described in the following section.
2.1.2 Fusion Splices
Fusion splicing is used as an efficient means to permanently join optical fibers in the
field. This technique includeswelding two fiber ends by an arc discharge or a microflame C02
laser. The first step in any splicing process is either actively or passively aligning the fiber
cores as described in the above section (2. 1 . 1). In arc discharge fusion splicing, the next step
is to apply a short discharge to the fiber ends while the fibers are separated by a short gap to
eliminate any surface defects. The fibers are then butted together with the appropriate
pressurewhile applying the main discharge. Studies have found that during fusion, the outer
surfaces of the fibers, through surface tension, tend to align themselves. The result is a
distortion ofthe fiber core in cases where active alignment was used to compensate for core-
to-cladding eccentricity or in cases where some initial displacement between fiber ends was
present. The effects of this distortion are usually negligible for multimode fibers, but can be
detrimental for single mode fibers [58]. The optimum conditions for arc fusion splicing of




was described where the fiber fused region is restricted by narrowing the electrode gap and
shortening the arc discharge time comparedwith the conventionalmultimode fiber arc splicing,
to reduce the surface tension effect. The optimum electrode gap, pre-fusion time, discharge
duration, and pressing stroke, were also reported. Splice loss of<0. 1 dB was achieved for
single mode fibers with 2 pm core eccentricity and 3 pm OD discrepancy. The quick and
narrow fusion technique was used in the development of a single mode fiber splice machine
[60]. The design is described as a tough high precision axis alignment mechanism able to
withstand severe conditions and claims to achieve alignment 0.1pm and an average splice
loss for fibers with relatively large core eccentricity of0.08 dB. This quick fusion technique
improves coupling efficiency, but by reducing the extent of the fused region, lowers the
mechanical strength of the splice. In any fusion splice, the final step is to reinforce the
mechanical strength by placing the splice in aU-channel with adhesive resin of a thermosetting
tubewhich ismolded around the splice by placing it inside a shrinkable tube and applying heat.
2.1.3 Alignment ofBirefringent Axis of Polarization Maintaining Single Mode Fibers
Since the advent ofpolarization preserving fibers, much research has been done in an
attempt to advance the current splicing techniques to accommodate for the asymmetrical cross
sections while not degrading the low loss and polarization extinction ratio which are the
desirable properties ofPM fibers. To retain these properties, it is critical not only to align the
fiber core, but also to align the fibers birefringent axes [61]. Initial alignment has been tried
bymonitoring the group delay difference using an optical short pulse [62] or by observing the
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azimuth of the convex profiles of the stress induced regions whose profiles are prepared by
mesa etching [63]. In a practical alignment method, splicing was carried out by monitoring
cross talkwith a conventional measurement system after the same principal axes have been
aligned by observing the end faces of both fibers with a micro mirror. Other methods have
been reported which utilize an elasto-optic effect [64], and temperature modulation effect
[65]. Polarization optical time domain reflectometry is an alignment technique based on
measurement ofpower that is returned from the fiber output end face and which is depolarized
by the birefringence of the fiber [66], [67]. A unique mechanical arrangement was reported
[68] which achieved accurate birefringent axis alignment of rectangular PM fibers, utilizing the
preferential bending characteristics of the rectangular PM fiber and a loose tube mechanical
splice. The minimum angular misalignment to date (0.086 degrees) was achieved using a
Michelson interferometric technique with a broad band source [69].
2.1.4 Fiber End Face Preparation
Despite precise alignment of the birefringent axes before splicing, a certain degree of
fiber end face inclination may cause a force of rotation during the fusion process. Thus, it is
important, both to attain low splice loss and to maintain a low extinction ratio, to decrease the
fiber end face inclination during end face preparation. This section reviews the conventional
techniques for preparing fiber end faces for splicing.
Fiber cleaving, cutting or splicing tools generally abrade or scratch the fiber's surface.
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Cleaving is inducedwith a longitudinal tensile force, applied to a straight or slightly bent fiber
that has been scored. Fiber end face roughness can be reduced by grinding and polishing
procedures. Typically the fiber is mounted within a vertical holder, ground on a glass wheel
with sequentially decreasing grit sizes and finally polished with an aluminum oxide polishing
compound. Initial attempts at grindingwith diamond and other hard materials such as silicon
carbide or boron carbide, resulted in a high degree of scratching and fiber breakage [70].
Polishing compound should be selected so that its hardness is comparable to the material to
be ground. Subsurface damage (SSD) to the amorphous molecular structure is inevitably
induced by grinding and polishing. Themechanisms ofSSD formation are not well understood
but have been empirically correlated to high polishing rates, large or poor control of abrasive
grit sizes, contamination, machine vibration and chatter, and hard abrasive and polishing pads.
The result is a variation in glass density, refractive index, and stress variations just below the
surface, even formicroscopically smooth polished surfaces. Particularly troublesome in fiber
resonators is the resulting scattering and absorption of the light carried by the finished part.
In fiber splices, SSD induces losses and polarization cross coupling [71]. SSD can be detected
by a short etch in dilute hydroflouric acid, which unfortunately ruins the part. A general rule
is that an SSD layer will exist and be approximately four times the surface roughness.
An accurate technique for polishing fiber ends utilizes a polishing jig, shown in figure
(2.3), which consists ofa precision piston assembly, vacuum chucking, sample tilt adjustment,
polishing pressure control, and
separate wheels for polishing and grinding [72]. The machine
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contains an automatic process which initializes the grinding wheel. A smaller conditioning
wheel is run on the grinding wheel for about tenminutes to true the flatness. The flatness is
then checkedwith a spherometer. Other processes for pohshing fiber rely on the operator to
hold the fiber in place and apply the appropriate amount of pressure that controls material
removal rate. These processes consist of a grinding wheel and a hand held fixture to align the
fiber parallel to thewheel. This method is less reliable than the jig assembly described above,
however, improvements can bemade to achieve small inclination angles. These improvements












Figure 2.2 Schematic for Local Power Extractor [57]
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Figure 2.3 Polishing Fixture [24]
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2.2 Fiber End Face Preparation Technique Improvements
Low loss splices require high quality preparation of the fiber ends, which must be
smooth, flat, and perpendicular to the fiber axis. This paper concentrates on improving the
process for preparing fiber end faces for splicing, while utilizing the available equipment in the
optics lab at the Center for Imaging Science, RIT. The available equipment includes a glass
grindingwheel with variable speed and grinding grit ranging in size from 1-10 microns, as well
as a felt polishing wheel and cerium oxide polishing compound. Fiber end face
perpendicularity must be controlled in two steps of the preparation process. The fist step is
aligning the fiber axis to the outside diameter of the capillary tube, which is used to hold the
fiber perpendicular to the glass grinding wheel during the grinding and polishing process. The
second step is insuring that the outside diameter of the capillary tube is perpendicular to the
grinding surface. In this thesis improvements were made to both steps of the process. First,
the current method for aligning the fiber axis to the capillary tube was analyzed and a fixture
was built to optimize the results. Second, a high precision grinding and polishing fixturewas
designed and built which supports the capillary perpendicular to the grinding surface with
extremely high accuracy, while applying a constant pressure to the fiber end face during
grinding and polishing, which is critical in controlling subsurface damage [71]. The following
sections discuss the improvements made to the fiber end face preparation process.
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2.2.1 Fiber to Capillary Alignment
The method currently used to align the fiber axis to the outside diameter of the
capillary tube uses a second capillary as a weight to straighten the fiber and a v-groove to
align the two capillaries. Both capillaries are filled with UV curing epoxy. The fiber is
threaded through and secured at the top ofboth capillaries using a UV gun. As shown in
figure (2.4), both capillaries are placed in the v-groove which is angled at 45 degrees to the
horizontal. Theweight ofthe bottom capillary tends to straighten the fiber. This method does
not guarantee perpendicularity between fiber axis and capillary. However, as illustrated below,
the error can he minimized by increasing the distance between the top of the two capillaries.
Figure (2.5) illustrates that amaximum error will occur when the fiber is secured to the left on
one capillary and to the right on the other. The resulting angle, 8, can be determined as a
function of length, L, between the top of the two capillaries. This derivation assumes that the












8 = deviation of fiber end from perpendicularity






= jacket outside diameter = 0.015 inches
Using an iterative solution, equation (60) was solved numerically as a function ofL. The
results are plotted in figure (2.6). As can be seen from these results, the deviation from
perpendicularity becomes extremely small for large L. At L
= 22 inches, 8 = 0.013 degrees.
As a result of the above analysis, the current method was optimized by building a V-grove
with a length of24 inches. Ifthe fiber is secured at the top of the first capillary and the bottom
ofthe second, the length could be maximized. Thiswould also allow for two fibers to be made
at once, and cut down on fiber waste. The resulting deviation from perpendicularity would
be the same for both ends.
2.2.2 Fiber to Grinding Surface Alignment
A fixturewas built to hold the capillary in place, perpendicular to the grinding surface.
Several methods exist for holding a circular rod. One common approach is to hold it in a
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round hole with a set screw. Without an extremely tight tolerance between the outside
diameter of the rod and the inside diameter of the hole, this method will allow for the rod to
shift inside the hole. A tight tolerance is not possible because the capillary outside diameter
is not controlled and was measured to be out of round and vary as much as 30pm. The
optimum design for securing a rod is a V-groove. This will hold the capillary at two points
as opposed to a hole which holds it at one point, as shown in figure (2.7).
Themost accurate procedure for building such a fixture is grinding. An extremely high
accuracy can be attained by grinding first the V-groove, then locating the bottom surface
relative to the groove and grinding the bottom surface. The fixture built is shown in figure
(2.8). The perpendicularity of the V to the end surface which comes in contact with the
grinding wheel was measured using a 5 inch sine bar to be 0.041 degrees.
Theweight ofthe grinding and polishing fixture applies a constant pressure to the fiber
end and controls thematerial removal rate while decreasing technician fatigue. The operator
simply guides the fixture in a random pattern around the grinding wheel without applying any
additional pressure. Therefore, in addition to improving the perpendicularity of the fiber end,
the grinding tool also helps minimize subsurface damage by controlling the material removal
rate [71]. With the improved alignment method described in section (2.2.1) and the high
precision grinding and polishing fixture described above, the limiting factor to fiber end
perpendicularity becomes the quality of the capillary tube.
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Capillary used for weight




Figure 2.5 MaximumAlignment Error
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Figure 2.6 Fiber Tip Deviation from Perpendicularity











As explained above, inclined end faces ofoptical fibers are not conducive to low loss
splicing. Therefore it is important that the inclination of the fiber end face be accurately
measured to evaluate the performance of the fiber end preparation procedure. One such
methodwas proposed [73] which utilizes a vidicon camera to measure the maximum intensity
position of the far field distribution of a single-mode fiber before and after filling the gap
between the fiber end face and a glass plate (having a right angle against the fiber axis) with




where, d is the shift distance of the maximum intensity point, and nc=1.45 is the refractive
index of the fiber core. Figure (2. 10) shows schematically the apparatus used. Five single
mode fibers, 2, 5, 10, 15 and 20 degrees, were tested. It was reported that the measured
values were in agreement with the given angles within a discrepancy of 1.5 degrees. This
discrepancy was determined to be due to an inaccuracy of the given angles because of
imperfect techniques formeasuring fiber end faces. The accuracy of the method was predicted
to be as high as 0.2 degrees. This method was not utilized in this thesis due to the
unavailability of the required
equipment. Therefore it was necessary to propose additional
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methods for measuring fiber end tilt angle.
Two methodswere used to experimentally determine the resulting fiber end tilt angles.
The first method relates the tilt angle to the image shift resulting from rotating the fiber about
its axis, using principles similar to those used in the method described above. The second
method employs a fiber Fabry-Perot and relates the finesse to loss due to the fiber end tilt
angle. In the following sections, these two methods are explained followed by a discussion of
the results obtained in eachmethod.
2.3.1 Image Shift Method
The fiber end shown in figure (2. 1 1) has a tilt angle, a. A ray incident on the core/air
interfacewill be refracted at an angle, p, from the surface normal and at an angle, 8, from the
horizontal. Snell's Law requires that
m sina= sinP (62)
Substituting, p=a+8, and sin(8+a)
=





For a non-zero tilt angle, rotating the fiber 180 degrees about its axis will cause the image to
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where, F is the focal length which collimates the beam.
The image shift distance, y, can be determined experimentally using the set up shown
in figure (2. 13). As illustrated, halfof the collimated beam is blocked. As the fiber is rotated
about its axis, amaximum and minimum power relating to the two images are measured. The
distance, y, is determined by relating this measured power to an equivalent image area.
Because the beam power is not uniformly distributed, but takes the shape of a gaussian, the
percent ofpower that is blocked by the mask is not equal to the percent of image area that is
blocked by the mask. If a uniform distribution is assumed, the tilt angle value will appear to
be approximately 0.5 degrees larger than its actual value. Since we are expecting tilt angles
in the range ofa fraction ofa degree, this error is unacceptable. To correctly relate power and
image area it is necessary to determine the dimensions of the circle whose area is equivalent
to the area under the gaussian distribution curve. This will be discussed later.
Let the images in figure (2. 14) be circles ofequivalent area a distance, y, apart. The
dotted areas to the left of line AB represent the portion of the beamwhich is blocked by the
mask. Sector ADB represents maximum power, L^, and sector ACB represents minimum
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Knowing themeasured signal from equation (65), and the equivalent image area radius, r, to
be discussed presently, equation (69) can be solved numerically for y. Once y is known, the
fiber end tilt angle, a, can be determined from equations (63) and (64).
To determine the equivalent image area radius, r, consider the three dimensional
gaussian curve and the cylindrical shown in figure (2. 15). The normal curve represents the
power distribution and the cylindrical function represents a cylinder of equivalent power. Both
have unit volume and a height = 0.3898 at z = 0, which is the definition of the standard normal




to be rcyl= 0.893. The volume under the three dimensional gaussian from
rcyl= 0 to rcyl= 0.893
can be found by integration to be 0.82, which represents approximately 82% of the power.
Therefore, an aperture that allows only 82% of the power to pass, is the circle of equivalent
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image area. The radius, r, is found bymeasuring the radius of this aperture.
Four fiber ends were prepared using the improved process described in sections (2.2. 1)
and (2.2.2). Using the image shift method described above, the tilt angles of each end were
determined. For each end the following measurementswere made: maximum, minimum and
total power (L^ L^,,, 1^, focal length (F), and equivalent image area diameter (d). Tilt angles
were calculated using equation (63) with n^^l .46 The results are in table (2.1).
Table 2.1 Experimental Tilt Angle Results from Image ShiftMethod
Fiber End r (mm) F(mm) *min Lot oc(degrees)
1 1.5 30 10 13 26 0.28
2 1.5 30 10 14 28 0.35
3 1.5 26 10 12 24 0.23
4 1.5 26 9 11 22 0.26
The measurementswere accurate to 0.2mm for r and3mm for F which corresponds to an























Figure 2. 10 Schematic forMeasuring Tilt Angle in [73]
96
Figure 2. 1 1 Refracted Light due to Tilt Angle
V /
Figure 2.12 Position of the Image after 180 degree rotation
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Fiber Mask Photodetector









Figure 2. 14 Maximum and Minimum Error
0 z
Figure 2. 15 Gaussian Distribution and Rect Function
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2.3.2 Fiber Fabry-PerotMethod
A fiber fabry perot (FFP) can be made by polishing both ends of the fiber. The
modulation, M, can be determined experimentally from,
AC I -I
Modulation (M)= =-=. (71)
DC I *I .
oqik nun
Modulation is related to the reflectance, R, by the Airy function [75],
I , 6 (72)'
l*Fsin2(-)
where Fc is the coefficient of finesse,
*.-^ (73)
TheAiry function is plotted in figure (2. 16) for several values ofmodulation, each indicating
a different reflectance, R. Once R is known, the coefficient of finesse can be found from
equation (73).






For an ideal mirror the reflectance is R = 1 - T. Each departure of the FFP from ideal
manifests itself as a loss ofpower of the mode of the resonator [76] so that, R
= 1 - L - T,








using, nair=l and ncore=l .46, to be 96%. Using this value for T and the finesse from equation
(74), experimental L can be found from equation (75). Next, this loss is related to tilt angle.
For an FFP, the reflection losses caused by tilt angle follow readily from the published
results for fiber splice losses [78]. In previouswork [79], splice losswas related to tilt angle.
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There it was established that fiber modes may be closely approximated by gaussian field
distributions. Therefore, the evaluation of splice losses can be reduced to the computation of
transmission losses between misaligned gaussian beams. These transmission losses were
related to a FFP by noting that a splice tilt angle translates into one half the corresponding
mirror tilt angle [77]. The loss equations were derived in terms ofmisalignments due to tilt
angle, mirror-to-fiber end separation and fiber end curvature. Since no mirrors were used in




where, a is the tilt angle, A. is the free space wavelength (0.6328pm for HeNe laser), and o
is the width parameter. For a step-index fiber, the width parameter can be approximated by
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Figure (2.17) plots loss versus tilt angle as defined by equation (77) for normalized
frequency ranging from V=2.4, which is the maximum frequency that allows the fiber
propagate a singlemode andV=l
.4,
which is the lower limit for the validity of equation (78).
Notice that fibers with small width parameters, thus fibers with larger V values, are more
tolerant of tilt angle than fibers with largerwidth parameters.
Two fiber fabry-perots (FFP)were prepared using the improved methods described in
sections (2.2. 1) and (2.2.2) and tested using the method explained above. Amore statistically
valid test could not be completed due to the unavailability of additional fiber. Maximum and
minimum power, L^ and L^, were measured for each FFP. Because of the possibility of
human error in the readings, a random sampling was taken, 18 trials for FFP1 and 21 for
FFP2. Modulationwas calculated and the results followed a normal distribution with the most
frequently occurring (mode of) modulationM=7. Reflectance was calculated from the airy
function for each trial and the values were normally distributed with a mode ofR=3.5%, as
shown in figure (2. 18). Assuming a transmission of96%, loss was calculated for each trial of
figure (2. 1 8) resulting in a mode ofL=0.5%, as shown in figure (2. 19). From figure (2. 17),
the loss corresponding to 0.5% corresponds to a tilt angle, a, in the range 0.04-0. 12 degrees
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depending on the V parameter. The maximum loss indicated by the tail of the reflectance
curve, R=2%, corresponds to a tilt angle, a, of 0.12-0.21 degrees depending of the V
parameter. The range oftilt angle results indicate amaximum possible error of0.09 degrees.
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Figure 2. 17 Calculated Loss due to Tilt Angle
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Figure 2.18 Experimental Reflectance from FFPMethod
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Figure 2. 19 Experimental Loss due to Tilt Angle from FFP method
105
2.4 Summary
An improved process has been proposed for preparing fiber end faces which includes
the use ofa high precision grinding and polishing tool which applies a constant pressure to the
fiber as well as an improved alignment technique for positioning the fiber inside the capillary
tube prior to grinding and polishing. This method has produced fiber ends with angles of
inclination less than 0.3 degreeswhich is within the range required for low loss splicing given
in [59]. Two techniques formeasuring tilt angle are proposed whichmeasure angle within as
accuracy of0.03 and 0.09 degrees for image shift and FFP methods, respectively.
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